INTRODUCTION
Pulse-echo ultrasonic techniques are widely used for the purpose of nondestructive evaluation (NDE) of materials. Knowledge of the elastic wave velocities in a material permits time-of-flight measurements to be converted into measurements of the subsurface depths of various subsurface defects which are strong elastic wave scatterers. In recent years, the authors and others have utilized an analogous pulse-echo technique to study thermal wave scattering from subsurface defects [1] [2] [3] [4] . In this technique, the waves are launched as the result of energy deposited at the sample surface from a suitably pulsed heat source, and the resulting time evolution of the surface temperature is monitored by means of an infrared (IR) camera. Descriptions of the detailed methods for processing the data stream from the camera in real time, so as to effect box-car or lock-in image processing, have been presented elsewhere [1] [2] [3] [4] .
TECHNIQUE
The one-dimensional time dependent solution to the heat equation in the time domain following flash heating of the surface at time t = 0 has the form, (1) where C is a constant which is related to the amount of heat deposited on the sample surface (assumed to be located at x = 0). At t = 0, this pulse is infinitely narrow and located at the surface x = O. As the pulse propagates into the sample, because of the strong frequency dependence of the velocity of its thermal wave Fourier components, the pulse undergoes extensive broadening. Because of the strong attenuation suffered by thermal waves, the amplitude of the pulse also decreases very rapidly as it propagates and broadens. When such a thermal pulse encounters a subsurface scattering region, e.g. a boundary across which the thermal impedance changes, a reflected pulse (the thermal wave "echo") is returned to the surface. The surface temperature decrease in the presence of such a subsurface scatterer is slower than that predicted by Eq. (1) . A typical cooling curve corresponding to some point on the surface can be thought of as being comprised of two components. One component is simply that which would occur if the material underneath that region contained no thermal wave scatterers. The other component results from the thermal wave reflected from any such scatterer. The experimental set up is shown schematically in Fig. 1 . This system is controlled by a computer (Sun workstation, Macintosh II, or 486 clone) which is used to synchronize the components of the system, download the software for the real-time processor, and to display and post-process the resulting thermal wave images. The heat source consists of a battery of up to eight 6.4 kJ, 2 ms pulse duration, xenon flash lamps, which are ftred simultaneously by a signal from the computer. The surface temperature of the sample is monitored as a function of time by an infrared video camera (Inframetrics Model 600), operating in the 811m to 121lm region of the IR. The stream of analog data coming from the camera is digitized in the real-time processor (DataCube, Perceptics), which is programmed to carry out the box-car gating in real time. In this mode of operation of the system, an image, or series of images, is acquired at ftxed times after the occurrence of the flash. This type of processing is analagous to that of a boxcar averager, such as is used for pulse-echo ultrasonics, but has been extended to the full video image, in real-time. The gates are set so as to capture the returning thermal wave echoes from any subsurface defects when their contrast with the background is near its maximum value.
The system was mounted on a mobile cart. The cart was designed speciftcally for the aircraft fteld experiments. Its dimensions (27" x 50" x 31 ") allowed it to ftt under an aircraft belly in a maintenance hangar, as well as on scaffolding which is typically used for inspection of the upper sections of such aircraft. The flashlamp array and infrared camera were mounted on an adjustable frame attached to the cart. The height of the frame can be extended so that regions as high as 9' can be imaged, and the integral mounting ring was attached to the frame by means of a gimbal, so that it could be tilted at any angle necessary to image the belly at normal incidence. Several of the images were take with the camera and lamps pointed directly upward toward the belly of the aircraft.
THERMAL WAVE IMAGING OF CORROSION TEST SPECIMENS
In a collaboration with scientists at Lockheed Aerospace Systems Company, Marietta, GA, we have recently conducted a series of imaging tests on corrosion test panels fabricated by Lockheed to simulate the types of ageing aircraft corrosion problems encountered by military and civilian aircraft manufactured by their company. A series of a dozen or so such panels have been imaged. Typically, the panels include a top skin, the bottom layer of which has a pattern of chemically induced corrosion regions of various geometrical shapes and sizes, and representing various percentages of material removal ranging upwards from 3%. In nearly every such laboratory test, thermal wave imaging was successful in detecting the corrosion, and in most cases could detect it even from the opposite skin (uncorroded), through the bond layer joining the two skins. Several regions of 3%, 4%, and 6% corrosion were successfully imaged in our laboratory. Usually, in addition to the corrosion, thermal wave imaging also detected (unintended) adhesive bond variations as well. The success on these controlled laboratory test panel imaging experiments suggested that a fteld test experiment on an actual aircraft would be a logical next step, and would also provide a useful trial of the portability of our prototype instrumentation. 
THERMAL WAVE IMAGING OF AN AIRCRAFT IN A MAINENANCE FACILITY
As a precaution, backup systems and components were also transported to the field test site. A priority in planning the field experiment was to avoid disruption of nonnal maintenance operations in the hangar. As a result, the camera, flashlamps, computer, video monitors, and power supplies were secured to the mobile cart, which was then rolled to each region to be evaluated.
Before a region of the aircraft fuselage was imaged thennally, it was first cleaned with an aerosol detergent spray, and then spray-painted with a washable black paint to provide absorption of energy from the flash lamps and a high emissivity in the infrared spectrum. Approximately ten minutes was required after spraying to allow the paint to dry. The paint was easily washed off the aircraft with water immediately after each region was imaged. The Pulse Echo Thennal Wave Imaging cart was then placed beneath each region to be examined. The flashlamps and camera were aimed at the region, and then covered with an aluminized Mylar® shroud which shielded workers in the area from the bright flashes which occurred when the flash lamps were pulsed. The Mylar® was attached to the aircraft with adhesive tape to prevent excessive leakage of light into the work area. As an additional precaution, workers in the area were verbally warned each time a flash was about to occur. With the shrouding, only diffuse reflection of the flash could be seen.
Once the area was prepared, the acquisition time for each image was approximately two minutes. Each region was imaged five times, with each image corresponding to a different time delay between flash and image acquisition. Images were stored to the computer hard disk drive, and the cart was then moved to the next location.
As an example of a typical imaging sequence, a region containing an 80" long lap seam behind the front landing gear was cleaned, painted, and imaged, requiring that the cart be moved four times. The entire sequence, consisting of 20 images (five images each, at different time delays, of four adjacent regions), was completed in 1 hour. This time would be greatly reduced in practise, because only one of the five delay times would be necessary, and the set-up preparation (e.g. painting, cleaning, washing, etc.) would be done on a larger scale. A rate of 40 -50 feet/hour seems very realistic.
The regions to be examined were chosen following the initial visual inspection by the Northwest inspection team. The visual inspection locates various regions of "pillowing" between fasteners, and in some cases "cupping" of the fastener heads, both of which are indicators of potential corrosion. Prior to, and during the course of our thennal wave imaging, low frequency eddy current inspection was carried out as part of the regular Northwest "C" check of the aircraft. We selected eighteen sites on the underside of the aircraft for thennal wave imaging, including two belly regions that had been inspected by eddy current and had been identified as likely corrosion regions, all the easily accessible bonded lap splices on previously unrepaired skin, and four composite antenna covers. Two of the suspected corrosion regions were removed from the aircraft for subsequent destructive inspection after our thennal wave imaging examination had been completed.
We carried out a total of 102 separate thennal wave images of the eighteen sites during the two and a half days of hanger activity on this aircraft. Detailed examination and analysis of the images of the damaged regions which were removed from the aircraft is currently underway in our laboratory. Figure 2 shows a thennal wave image of a region suspected of containing corrosion from regular nondestructive inspection of the aircraft. Our images of this region showed extensive areas of disbonding and corrosion, and subsequent low frequency eddy current inspection showed two small localized regions of deeper corrosion (approximately 20% loss of material). Visual inspection of the separated layers of skin revealed several regions in which the geometry of the disbonding and corrosion corresponded well to the thennal wave image pattern. One such area occurred along a row of fasteners to a hat channel stringer. In this area there were three layers: the skin, a doubler, and a tripler. The destructive evaluation revealed that the region which showed an anomalous thermal wave reflection consisted of a disbond and corrosion between the skin and the doubler, and more serious corrosion between the doubler and the tripler. While it is important to note that the range of the thermal wave image extends all the way the three layers to the hat channel, in this particular case, the corrosion and disbond between the doubler and the tripler may have been masked by the stronger defect between the skin and the doubler. Several other areas of disbonding between the skin and the doubler were seen in the thermal wave images and correlated well with the presence and absence of the adhesive after separation of the skins. Figure 3 shows a typical thermal wave image of a region of an adhesively bonded lap splice on a 727 aircraft (between Frames 950A and 950B, and between Stringers 29 Right and 30 Right) in which no adhesive disbonds or corrosion was suspected. 
CONCLUSIONS
Our preliminary field testing has shown that thennal wave IR imaging techniques have good potential for contactless, rapid inspection of adhesively bonded lapsplices and other regions of suspected corrosion on aircraft structures. Further work is currently underway and further field testing will be necessary to detennine the limits of detectability for the technique, to study the ability of the technique to discriminate between different types of defects, as well as the influence of variabilities in structure upon the interpretation of the images, and to make the technique more quantitative.
